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CHAPTER I 
INTRODUCTION 
The binary tetrahalides of molybdenum and tungsten 
have been prepared and characterized to some degree. The 
tetrachlorides and tetrabromides have been studied exten-
The tetrafluorides and the tetraiodides have not been 
studied so thoroughly and little is knoWn about them. 
A general preparative method for anhydrous metal 
chlorides is that of Knox and Tyree in which a metal oxide 
and carbon tetrachloride are heated to varying temperatures 
in a sealed glass tube. The glass tube is contained in a 
metal bomb with carbon tetrachloride in it to equalize the 
pressure. 
In previous syntheses utilizing this method, Knox 
etcal. (1957) have reported ReC1 5, TcCl4, MoCl5, WC16, and 
TaCl 5 , while Epperson et al. (1963) have reported A1Cl3 , 
Fec13 , NbC1 5 , and Zrc14 . In all of these syntheses, the 
oxide of highest oxidation state produced the highest 
chloride; e.g., wo3 = WC16, Moo3 = Moc1 5. The question 
then arose as to whether this preparative procedure might 
be applied to the synthesis of the tetravalent chlorides 
and bromides of molybdenum and tungsten. 
& 
= I 
2 
It was the purpose of this current study to 
investigate the reaction of molybdenum and tungsten dioxides 
with carbon tetrachloride and bromoform (via the method of 
Knox and Tyree) to produce anhydrous molybdenum and tungsten 
tetrachlorides and bromides and to determine whether the 
method is a reliable one for the synthesis of these com-
~----------pounds. Out of this grew an investigation into the prep~a=r~a~-~·------­
tion of the oxochlorides of tungsten(VI) using the same 
preparative technique. 
The results of this study are here set forth. An 
attempt is made to systematize the published material on 
the synthesis and properties of the binary halides of 
molybdenum(IV) and tungsten(IV) and the oxochlorides of 
tungsten(VI). Extensive calculations have been carried 
out by A. Glassner in 1957 and L. Brewer and co-workers in 
1950 on the estimation of thermochemical and thermodynamic 
data for the tetrahalides of molybdenum and tungsten. These 
data are in general based on analogy with compounds of 
neighboring elements in the Periodic Table. Even though 
these values are subject to uncertainty, they are included 
here for comparative purposes. 
~ 
= 
------- -------·· ---- ----
CHAPTER II 
TETRAFLUORIDES 
I. MOLYBDENUM TETRAFLUORIDE 
J. J. Berzelius (in 1826) first reported the 
preparation of a molybdenum-fluorine 'COmpound purported to 
h:ave------th-e~st_o-icniometry of-Mo:B'~Tnis was achieved by the 
action of hydrofluoric acid on hydrated molybdenum dioxide. 
A red solution resulted which on slow evaporation yielded 
a black, thermally unstable, crystalline residue. This work 
has not been successfully duplicated and there was doubt as 
to the existence of molybdenum tetrafluoride until the 
researches of R. D. Peacock in 1957. 
Preparation 
The only reported preparation of pure molybdenum 
tetrafluoride is that of Peacock. By the action of gaseous 
fluorine on molybdenum hexacarbonyl at -75° C., an olive~ 
green solid and carbon monoxide are formed. The olive-green 
solid has an apparent formula of Mo 2F9 and on being heated 
to 170° c. ill vacuo yields MoF5 as a distillate and MoF4 as 
the residue. 
Mo2F9 (s) = MoF5(g) + MoF4 (s) 
The molybdenum tetrafluoride formed in this manner is a 
light-green solid. 
Physical Properties 
Molybdenum tetrafluoride is a light-green solid that 
is stable at room temperature in vacuo. Very few physical 
data are available for this compound. Those that are 
available are given in Table I. 
Chemical Properties 
Molybdenum tetrafluoride is immediately hydrolyzed 
by water to form a colored solution. 
4 
E. 1. Muetterties has recently (1960) studied the 
stereochemistry of metal tetrafluoride adducts. In these 
researches several adducts of MoF4 were prepared and studied. 
These were prepared by solution of the tetrafluoride in a 
solvent such as tetrahydrofuran, acetonitrile, or dimethoxy-
ethane, filtration of the solution and then the addition of 
the organic base or an ethereal solution of the base to the 
tetrafluoride solution. In the case of molybdenum tetra-
fluoride the following adducts were formed. 
MoF4 · 2 (CH3)2SO 
MoF4 • 2 (CH3)2NCHO 
MoF4 • C6H 5N(CH3 )2 
MoF4 · c5H5N 
MoF4 N(CH3)3 
Muetterties postulates that the MoF4 · 2 Base complexes are 
isostructural with IF7 or TaF~-
TABLE I 
PHYSICAL AND PHYSICOCHEMICAL PROPERTIES 
OF MOLYBDENUM TETRAFLUORIDE 
Properties References 
Appearance 
Light-green solid 
Formula Weight 
171.94 
Heat of Formation (from the elements) 
~H298 = -256 kcal/mole (estd.) 
Free Energy of Formation 
~F298 = -236 kcal/mole ( estd.) 
Entropy at 298° K 
s~98 = 35 e.u. (estd.) 
Melting Point 
Tm = 830° K (estd.) 
Heat of Fusion 
~Hm = 7. 5 kcal/mole { estd.) 
Entropy of Fusion 
~Sm = 9.0 e.u. (estd.) · 
Boiling Point 
Tb = 890° K (estd.) 
Heat of Vaporization 
~Hv = 20 kcal/mole ( estd.) 
Entropy of Vaporization 
.. ~Sv = 22.5 e.u. (estd.} 
( 6) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
5 
An air-sensitive, yellow solid was isolated in the 
reaction of MoF4 with acetylacetone (2,4-pentanedione). 
II. TUNGSTEN TETRAFLUORIDE 
The only definite literature reference to the 
preparation of tungsten tetrafluoride is that of Priest 
and Schurnoin .r:g-4$. 
Preparation 
6 
Tungsten tetrafluoride is prepared by the reduction 
of tungsten hexafluoride with benzene in a nickel bomb. The 
reaction bomb is held at 110° C. for three to nine days to 
give approximately a 20 per cent yield of tungsten tetra-
fluoride. 
The reaction of hydrogen fluoride on tungsten dioxide 
according to 
W02 + 4 HF = WF4 + 2 H20 
was studied in the temperature range 300-$00° C. and was 
found to be unsatisfactory for WF4. The reaction yields 
primarily WOF2 at 5000 C. 
Physical Properties 
Tungsten tetrafluoride is a reddish-brown solid. 
When heated in vacuo the compound appears to decompose, 
rather than melt, at temperatures approaching $00° c. Other 
physical data are listed in Table II. 
-----
' ~~~---~·· 
TABLE II 
PHYSICAL AND PHYSICOCHEMICAL PROPERTIES 
OF TUNGSTEN TETRAFLUORIDE 
Properties References 
Appearance· 
Reddish-brown solid 
l''ormuiaWeight 
259.85 
Heat of Formation (from the elements) 
.6.H298 = -250 kcal/mole ( estd.) 
Free Energy of Formation 
.6.F298 = -229.5 kcal/mole (estd.) 
Entropy at 298° K. 
s~98 = 36.5 e.u. (estd.) 
Melting Point 
Tm = 800° K. ( estd.) 
Heat of Fusion 
.6.Hm = 7.0 kcal/mole (estd.) 
Entropy of Fusion 
6Sm = 8. 8 e. u. ( estd.) 
Boiling Point 
Tb = 895° K. (estd.) 
Heat of Vaporization 
6Hv = 21 kcal/mole ( estd.) 
Entropy of Vaporization 
6Sv = 23.5 e.u. (estd.} 
(7) 
(3) 
( 3) 
(3) 
{3) 
(3) 
( 3) 
(3) 
(3) 
( 3) 
7 
----
--·---.,---· 
Chemical Reactions 
The compound is somewhat hygroscopic. It is 
hydrolyzed by hot alkali solutions, precipitating brown, 
hydrous tungsten dioxide. In the presence of acid, oxidiz-
ing agents convert the tetrafluoride to tungsten trioxide. 
CHAPTER III 
EXPERIMENTAL METHOD OF KNOX AND TYREE 
A. Michael and A. Murphy in 1910 reported the 
preparation of numerous metal chlorides and oxochlorides 
through the reaction of carbon tetrachloride or a solution 
~--------~-f'-ch-i-oJ. ... i-n-e-±-n---carbun----t--e-t-ra-ch-:t-or:i:-d-e-on-m-e-t-a-:l-ox±des-. -'1'-h-i-s-----
reaction was carried out in sealed glass tubes and led to 
frequent breaking of the reaction tubes due to the high 
pressures generated at the temperatures required to obtain 
conversion of the oxide to the chloride. K. Knox and 
S. Y. Tyree modified this procedure to overcome the frequent 
breaking of the reaction tube. This was accomplished by 
placing the sealed tube inside a high-pressure stainless 
steel reaction vessel containing a calculated quantity of 
liquid to serve as balancing pressure. It is this modified 
procedure that was used in this research investigation and 
is described in this chapter. 
I. APPARATUS 
Reaction Vessel 
The steel reaction bomb used in this research was 
obtained from the American Instrument Company of Silver 
Spring, Maryland. It has an inner diameter of 3-5/16 inches, 
an outer diameter of 4-3/S inches, an inside depth of 10 
~ 
= 
10 
inches, and an approximate volume of 1410 milliliters. Its 
catalog listing is Aminco Reaction Vessel No. 41-4150. 
The standard closure is fitted with a thermowell that 
extends downward to two-thirds of the depth of the vessel. 
If glass reaction tubes larger than those of this research 
are employed, then it is necessary to cut off the thermowell 
~:. ~-a-:ten-g-t-h-o-f-a-b0u-t-i'eu-l"--i-n-GP.es-.-Thi-s-clo-S"ur_e_als_o_has~t~w=o ___ _ 
female connections for connection of pressure tubing. Since 
the bomb is closed to external connections during the reac-
tion, these openings must be closed with plugs (also avail-
able from the American Instrument Company). 
Heating of the reaction bomb is achieved through use 
of a heating jacket of total wattage 1600 (Aminco Heating 
Jacket No. 43-4110). Control of temperature is via a 
Wheelco Capacitrol Pyrometer-Controller manufactured by the 
Barber-Colman Instrument Company and an Iron Constantan 
Thermocouple. 
Inert Atmosphere Enclosure 
Since most anhydrous metal halides are moisture-
sensitive and many are -sensitive to the oxygen of the air, 
it is essential that an efficient inert atmosphere enclosure 
of some type be available for anhydrous metal halide research. 
Many types are commercially available, ranging from the 
stainless steel box described by S. Y. Tyree in 1954 to the 
I 
1_: 
11 
inexpensive Glove Bags produced by_the company, Instruments 
for Research and Industry (I2R) of Cheltenham, Pennsylvania. 
Tyree, T. R. P. Gibb (1957), and R. E. Johnson (1957) 
have all described the construction of inert atmosphere dry-
boxes of some sophistication. These are mainly constructed 
of stainless steel and have antechambers. The cost of con-
less expensive enclosures are available from the r~ranostat 
Corporation and the Lapine Scientific Company. The former 
is a rigid plexiglas box \'thereas the latter is a flexible 
glove cabinet of heavy plastic sheet and comes equipped \'lith 
a collapsible steel frame. Both of these enclosures retail 
for less than ~100 each. 
In 1962, L. R. Ocone and J. Simkin published 
instructions for constructing glove bags of polyethylene 
and s. G. Shore gave details for making such a glove bag 
rigid. Utilizing these ideas the company named above, 
I 2R, made Glove Bags commercially available. These have 
the advantage of being flexible, portable, inexpensive, and 
therefore expendable. The major disadvantage is the absence 
of an antechamber. Glove Bags were used as the inert atmos-
phere dry-box of this resea:r-ch. The-'Olove -~ag was ~orme'cte.d __ 
to a nitrogen tank via a. train consistin&of an oxygen remov-
ing alkaline pyrogallol bubbler; a dryirfg b-ubhiei-~-o:r-·~;~c€m- -
trated sulfuric acid, and an Ahhydrone tower.-----There \'las also · 
->" ------
-____ ... 
---
. __ .. ~--
______ .,. 
12 
a connection to an external aspirator system to provide 
moderate suction for filtrations in the Glove Bag. This 
suction line was also protected from moisture. An open dish 
of P4010 was always in the Glove Bag during flushing and 
actual use. 
II. PROCEDURE 
The step-wise procedure for the preparation of 
anhydrous metal chlorides by the method of Knox and Tyree 
is as follows: 
1. Measure the inner and outer volumes of the glass 
reaction vessel. 
2. Calculate the volumes, in cubic centimeters,· of 
carbon tetrachloride that must be added to 
maintain pressure balance between the inside 
and outside of the reaction vessel. The ratio 
of S cc. of liquid carbon tetrachloride at 
room temperature for every 26 cc. of free 
volume is used. 
measured inner volume: 110 cc. 
110 cc. x S/26 = 34 cc. of cc14 
measured outer volume: 140 cc. 
inner volume of bomb, 1410 cc. 
(1410 - 140) cc. x S/26 = 391 cc. of CC14 
3. Write a balanced equation for the proposed 
reaction assuming only phosgene and metal' 
chloride as products. 
Mo02 + 2 CC14 = Moc14 + 2 COC12 
13 
4. Calculate the weight of metal .oxide that would 
have to be taken in order to insure a five-fold 
e-xcess-o-r-ee 14 • Th-e-exc_e_s_s-ce-14 is needed-to 
dissolve and thereby reduce the final pressure 
of the product gases, COC12 and sometimes c12, 
and to dissolve the solid chlorocarbon by-
products that would otherwise contaminate the 
product. 
to insure a five-fold excess of CC14: 
34/5 cc. = 6.8 cc. 6.8 cc. x 1.6 g/cc. = 
11 g. of cc14 for the actual reaction. 
This weight of cc14 requires 4.6 g. of 
Mo02 according to the stoichiometry of the 
equation in Step 3. 
5. The finely ground metal oxide and c.p. cc14, 
straight from the bottle, are placed in the 
glass reaction vessel, Figure 1. This glass 
tube is 5 to 5-1/2 inches long and has an outer .. 
diameter of 1-1/2 inches. It is constructed 
from standard wall tubing. The reaction vessel 
as shown in Figure 1 is full size. 
14 
Figure 1. Glass Reaction Vessel 
E ~ 
15 
It is not necessary that the metal oxide and 
cc14 be excessively dry since s~all amounts of 
water are converted to phosgene and hydrogen 
chloride. 
6. The neck of the tube is then carefully cleaned 
with a pipe-stem cleaner. The neck of the tube 
uniformly thick seal. In this sealing it is 
advisable to have a beaker of cold water and a 
beaker of warm water handy, the former to cool 
the reaction tube in case the internal pressure 
threatens to blow out the tip while it is being 
sealed, the latter to increase the internal 
pressure if necessary to insure a uniformly 
rounded inner seal. The seal is then flame 
annealed. 
?. The sealed tube is placed inside the steel bomb 
along with the volume of technical grade cc14 as 
calculated in Step 2. (In reaction, this cc14 
causes fairly rapid corrosion, especially at 
400° C., of the containing steel vessel through 
the formation of iron(III) chloride crystals. 
The steel body of the bomb will have to be 
replaced when it is evident that repeated reac-
tions have extensively corroded and thereby 
16 ; 
weakened the interior surface of the body.) 
The bomb is closed, a torque of thirty foot-
pounds is applied to the bolts with a torque 
wrench, and the assembly heated at the desired 
temperature for several hours. 
8. The heating jacket is turned off and the assembly 
should be opened in an efficient hood or out-of-
doors due to the slight pressure of phosgene 
present and the very great amount of phosgene 
dissolved in the excess cc14. 
The glass reaction tube at this point contains gases 
under pressure, estimated to be about one to two atmospheres 
at room temperature, and should be handled '\tli th appropriate 
caution. It is opened by playing an oxy-gas flame on the 
sealed tip, which blows out due to internal pressure. The 
tip should ab'lays be blo'\tm out away from the· experimenter 
since the pressure is due to phosgene.- It is adVis&bli-~6 
wear safety glasses during _this open):ng, -as-__ experiel}_ce ;.h-as _ 
shown that occasionally -the ·tip will blow--off rather than 
- -------··· ·-··-
out. The entire top of the tube is then: -rem-oved-cin orde-r to~ 
get the crystals out. _This fs accomplished -by-scratching 
. . ~. -· . 
the c~l de o:C the tub~ _with --a.~~-sh._~rp -.file :just be lo-r." the- shoul-- · 
der {the scrat~h is made befor_e. openini( the- tip with-the 
--
fla.me) and lendln:g- the scratg_b around the tube \V'i th--a red-hot 
. . ·-·~--- ... - ~ 
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glass rod. These operations are· carried out as quickly as. 
possible so as to be completed before effervescence of dis-
solved gases ceases and air enters the tube. The tube is 
then placed inside another tube fitted with a ground-glass 
joint and stopcock at the top as sho\'m in Figure 2. ( T}+e 
dimensions of this container are: ground-glass joint ~ 71/60; 
vacuum system by a rubber hose through a Dry Ice-acetone trap 
and a sodium hydroxide tower. It is partly opened very care-
fully, adjusting the stopcock so as to give a steady but not 
violent ebullition. The rapid boiling causes cooling which 
tends to slow do\vn the rate of boiling to the point where 
bumping can be very bad. The external application of heat 
by means of an infra-red lamp overcomes this difficulty and 
maintains a steady ebullition. About one-half of the vollli~e 
is 'Slowly pumped away in order to remove dissolved COC12 and 
Cl2 • Further pwaping would result in a deposit of solid 
chlorocarbons. The tube is removed to an efficient dry-
box, opened, and the product filtered and washed thoroughly 
with CC14• 
This investigator isolated the solid reaction·· 
products as follows: Afte~ the -bomb-: had be~n op.ene~_ and'·-
.-_--:::· 
the top portion of the reaction tube cut-.:Off, the bo_ttom- ... 
half of the tube vms transferred immedi·ateii:--(on~-:-to--t\;~-­
minutes) to a Glove ·Ba& .flushed with dry nitr-~gen.- The· 
. _.- -. _, __ 
---
- ------ .. ·--. 
& 
= I 
,---------------------~·-------. --· .. 
___ to pump 
___ stopcock 
ground glass joint 
----1-- opened glass 
18 
reaction vessel 
Figure 2. Container for Removal of Opened 
Reaction Vessel to Dry-Box 
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contents of the tube were trru1sferred to a sintered-glass 
funnel and suction flask assembly connected to an aspiration-
suction system external to the Glove Bag. The crystals were 
washed thoroughly with carbon tetrachloride and further dried 
by one of the following three procedures: (1) suction dried 
in the Glove Bag, (2) transferred to a ground-glass, stopcock 
the Glove Bag, (3) transferred to a ground-glass stoppered 
weighing bottle and then oven dried at 105-110° C. for five 
minutes. 
CHAPTER IV 
.TETRACHLORIDES 
I. MOLYBDENUM TETRACHLORIDE 
This compound was first prepared around l$50 by 
Blomstrand, Debray, and others. Within recent years several 
other researchers have reported synthetic methods for the 
preparation of pure ~·~ocl4 . Relatively few experimental data 
have been obtained for this compound although Glassner and 
Brewer and co-workers have greatly extended this knowledge 
through calculated and estimated physical and physicochemical 
~ 
"--F 
~ 
data. r 
~ 
Preparation E; 
Early syntheses. C. W. Blomstrand in the late l$50's 
and H. Debray in 1$5$ reported the preparation of molybdenum 
tetrachloride by the action of gaseous chlorine on a heated 
mixture of carbon and molybdenum trioxide or molybdenum 
trisulfide. 
Thermal decomposition of.molybdenum trichloride. In 
1S73 L. P. Liechti and B. Kempe prepared MoC14 according to: 
Mo2Cl6(s) = MoC12 (s) + MoC14(g). 
This was accomplished by heating the Moc13 to redness in a 
stream of dry co2• The Moc14 appeared as a yellow vapor, 
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which condensed to brown crystalline molybdenum tetrachloride. 
Biltz and Fendius, in 192S, studied this reaction and found 
that the yield was very low. Couch and Brenner (1959) also 
attempted to prepare Moc14 by this disproportion of the tri-
chloride and found that the product was only one-half water 
soluble. The insoluble portion was MoCl3. Apparently 
molybdenum tri- and penta-chloride. 
Couch and Brenner presented the following equations 
for the thermal decomposition of MoC13 : 
12.MoClJ = Mo6Cl12 (s) + 6 MoC14 (g) 
and on cooling the brown vapor of MoCl4, 
2 MoC14(g) = MoC13 (s) + MoC15(s). 
These researchers obtained high yields of molybdenum 
tetrachloride by heating a finely' ground mixture of molybdenum 
trichloride and molybdenum pentachloride in a sealed tube at 
250° C. for 20 hours. This was carried out in an atmosphere 
of helium or argon. The product was subjected to vacuum 
·sublimation at 120° C. The MoC15 sublimed away leaving a 
residue having the Cl/Mo ratio of 4.2. 
Reduction of molybdenum pentachloride. Couch and 
Brenner attempted to prepare MoC14 by hydrogen reduction of I 
Moc15 but always obtained a mixture of the tri-, tetra-, and 
pentachlorides. The best yield was S per cent MoCl3, 74 per 
cent Moc14 , and 18 per·cent Moc15• This, then, is not a 
useful synthetic procedure • 
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. In 1955, s. Senderoff and R. J. Labrie found that 
reduction of Moc15 to Moc14 could be accomplished by heating 
the pentachloride with saturated aliphatic hydrocarbons con-
taining from 10 to 50 carbon atoms per mole. The use of 
very fine black powder with the atomic ratio of Cl/Mo = 
about 4. Couch and Brenner found that the product prepared 
with cetane contained 40 per cent HCl-insoluble material 
while the paraffin wax product contained only 6 per cent 
of insoluble material. This insoluble material is assumed 
to be MoC13• The MoC14 prepared in this manner is contaminated 
with carbonaceous matter. 
vlliile studying the reaction of MoC15 with monocarboxylic 
acids, M. L. Larson in 1960 observed that in the reaction of 
Moc15 with stearic acid in cc14 as solvent, a black, crystal-
line solid was formed. It had the stoichiometry of Moc14•2• 
The most successful preparation of Moc14 by means of 
a Moc15 reduction procedure is that of M. L. Larson and 
F. W. Moore, reported in 1964. These researchers prepared 
98-99 per cent pure molybde,num tetrachloride by refluxing 
anhydrous Moc15 with benzene for 9.33 hours. The reaction 
stoichiometry was found to be: 
----------·--··-~ ...•....... 
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The black product had a Cl/Mo ratio of 3.96. These same 
workers also. employed chlorobenzene as a reducing medium and 
again obtained a black product with Cl/Mo ratio of 3.87. 
Reflux 91. !!iol;:{pdenJ¥U dioxide ~ gh.J._oroc.arbons. In 
1960 T. E. Austin and S. Y. Tyree reported the preparation 
of Moc14 by the reflux of hexachloro-1,3-butadiene saturated 
with chlorine over molybdenum dioxide. This method has, 
however, proved unreliable as it frequently yields a mixture 
of Moc14 and Moc15• 
W. W. Porterfield found that the reflux of 
hexachloropropene with Mo02 produced a produc.t of Cl/Mo 
ratio ranging from 3.06 to 4.52. 
The method of Knox and Tyree. As already stated 
above (Chapter III) this method utilizes a sealed tube bomb 
reaction of metal oxide and carbon tetrachloride to form the 
corresponding anhydrous metal chloride. In the first report 
in the literature of this method (K. Knox et al., 1957) only 
the highest valence oxide of a metal was used and in each 
instance the corresponding highest metal chloride was 
obtained. A. B. Bardawil in early 1964 reported the prepa-
ration of WC16, MoCl5 , Fec13 , and ReC15 by replacing the 
oxides with ws2 or ws3 , Mos2 or Mos3 , FeS or Fes2 , and Re2s7 ~ 
respectively. In all of this work the bomb temperature was 
maintained at 400° C. for 3 to 4 hours. 
---------~ 
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In the work reported by A. Michael·and A. Murphy in 
1910, molybdenum dioxide was reacted with carbon tetrachlor-
ide in a sealed tube at 250° C. for several hours. A brown, 
microscopically crystalline powder resulted that analyzed as 
molybdenum tetrachloride. B. Tjabbes studied this reaction 
and concluded that the brief action of cc14. on Mo02 at the 
~------~r~e~ra~ively low temperature of-2)U0-c-.-leads to ~ncomplete 
reaction and that longer heating and/or a higher temperature 
leads to a decomposition of the first formed Moc14 into 
Moc13 and MoC15• W. Biltz and C. Fendius in 1928 reported 
that the heating of Moo2 with cc14 for 12 hours at 250° C. 
(after Michael and Murphy) resulted in black crystals which 
analyzed to have a Cl/Mo of 4.3. They concluded that this 
was an unsatisfactory preparative method for pure MoC14. 
S. A. Shchukarev and co-workers in 1959 recommended that 
Moc14 be prepared by the chlorination of Mo02 by a stream 
of nitrogen containing vapors of cc14 , rather than in a 
sealed ampoule. The MoC14 is separated from unreacted 
dioxide through sublimation but is contaminated with oxo-
chlorides and Moc15• Vacuum sublimation at 60-70° C. yields 
pure Moc14. 
It then became of interest to ascertain whether the 
method of Knox and Tyree could be applied to the lower 
halides of the elements; e.g., would Mo02 yield Moc14 or 
Moc15 ~ The first investigation into this problem was carried 
• 
= 
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out in 1957. The molybdenum dioxide was prepared by the 
reduction of Mo03 with ammonia in fused melt. The Mo02 so 
prepared consisted of very fine, brown-violet crystals. 
Several runs of Mo02 and cc14 were made at 250° C. for a 
reaction period of 2 hours. 'There resulted a mass of very 
dark brown-red crystals beneath a blood-red solution. A 
1!-------d_e_ep red-brown mass of unr_e_a_c_t_e_d_di_oxide_waiLalso_p~esent-. _ ___c___ 
The crystals were found to be thin and rectangular in shape. 
Analyses for chlorine content and for molybdenum content 
were carried out and disparate results were obtained. 
Selected values from several experimental runs are: 
MoC14 : % Mo(theory, 40.35) % Cl(theory, 59.65) 
40.86 59.11 
39.11 58.49 
38.53 
average 58.80 Cl/Mo = 4.03 
The reaction of the crystals with water gave an amber solu-
tion and a granular brown precipitate resembling Mo02 • This 
entire hydrolysis product--solution and precipitate--was 
taken for analysis. 
S. Horner and S. Y. Tyree (1962) utilized this method 
for the synthesis of Moc~4 and reported (for a good prepara-
tion): Cl, 58.31, 58.73; Mo, 39.67, 40.17. This gives a 
Cl/Mo ratio of 3.97. 
E ~ 
---== 
~ 
= 
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This current research was undertaken in an effort to 
determine whether this'method is a reliable one for the 
preparation of.pure molybdenum tetrachloride and tungsten 
tetrachloride. The experiments on the latter are reported 
in a later section of this chapter. · 
The starting materials for the synthesis of MoCl4 were 
1·1o82 anct-ee--14 . Trre-rrro-J:yb-d-enum d-ioxi<l-e;-IVlo02 , was ol?tainea 
from the Climax Molybdenum Company and assayed as 99.8 weight 
per cent Mo02 • This oxide was used without drying. The 
carbon tetrachloride was 'Baker Analyzed' Reagent (J. T. 
Baker Chemical Co.). 
drying. 
It, too, was used without further 
The synthetic runs were carried out as described in 
Chapter III. The details of temp~rature, reaction time, and 
analytical data are tabulated in Table III. In all instances 
the reaction tube contained a mass of very dark red-brown 
crystals beneath a deep red-brown supernatant liquid. There 
was always some unreacted molybdenum dioxide in the bottom 
of the tube. This was in the form of a lump and was per-
meated with the crystals. These crystals when washed with 
cc14 showed some solubility in the cc14 as the wash liquid 
was always blood-red. The CC14-wet crystals are a lustrous 
black and retain this lustre when dry. The dry crystals are 
quite susceptible to decomposition. Even in a dry-nitrogen 
atmosphere a light brown discoloration appears on the' crystal 
~--:c_c 
~ 
~ 
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TABLE III 
ANALYSIS OF Mo02-Ccl4 REACTION PRODUCT 
Temperature Reaction 
Run # oc. Time (hrs.) % Mo 
2 250 8 37.65, 38.00 
3 250 8 39.42, 38.92, 38.60 
8 250 8 42.63, 43.26 
9 250 8 41.51, 42.79 
10 250 8 42.94, 43.74 
ll 250 8 35.78, 35.47 
12 250 8 34.90 
II llli I '! 11· lllllllllf I' I !Iii I '1'1! ! 'i ll'~·llllrnmr I: ·' '~"~"ffl'II""IJR~]I"rnl" ' Jm!lilli!llli IIIIi r! :, I 
I % Cl 
52~84; 52.14 
57 30, 57.95 
51 50, 50.99 
54.03 
1- - -
154.66 
52 J 21' 53.48 
Cl/Mo 
3.75 
4.00 
3.22 
3.47 
4.16 
4.10 
iii'~ITIII. 
1\) 
.......:1 
surfaces. This frequently occurs before sampling and 
weighing can be accomplished. 
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The data presented in Table III indicate a Cl/Mo 
ratio of 3.22 to 4.16 for the reaction products. From prior 
work in this field (cited on pages 24 and 25) the reaction 
product to be expected was molybdenum tetrachloride, Moc14• 
~~~~~~4fl~.-s-i-n-t-li-e-e-a-F-l-i-e-P--\"lG-P-k-9~l-t-B-i-s-a-u-t-R-G-P-,-R-G-i-n-i-t-i-a-l-e-L-f-o~t~~~~-
was made to remove the possible contaminating molybdenum 
dioxide from the crystalline reaction product. As a result, 
the analyses for molybdenum yielded high values, in general. 
This is evidenced by experimental Runs #8, #9, and #10. In 
view of the incompletenes~ of the reaction, it is logical 
to expect some molybdenum dioxide in admixture'-with the 
crystalline reaction product. In an effort to obtain an 
approximation of the extent of Mo02 contamination an equa-
tion may be set up involving the molybdenum content of pure 
Moc14 and Mo02 and the experimental value of the molybdenum 
content of the reaction product. Such an approximation 
assumes the presence of only pur~ Moc14 and pure Mo02 . This 
type of solution is not possible for Runs #2 and #3 as the 
average per cent of Mo is less than that for pure MoC14 
{per cent Mo = 40.35) or that for pure Mo02 (per cent Mo = 
75.0). When applied to Runs #8, #9, and #10, this approach 
indicates the presence of 5 to $ per cent Mo0 2 and therefore 
~-----~--~--~~--~-~~ 
29 
92 to 95 per cent MoCl4. The results on Runs #ll and #12 
indicate that this is a minimum level of contamination. The 
reaction products of Runs #2 and #3 were dried in the oven 
at 105-110° C. for five minutes whereas all the other reac-
tion products were vacuum dried or dried in the Glove Bag. 
These last two drying methods present a greater probability 
~~~-'---~~.o{'-deeom-po-s-i-t-i-on-p-ri-or-t-o-sainp-l-:i:ng~a-s-t-h-e~rea-c-td-on-produc-t-s~~~ 
are thereby exposed to a longer drying period. 
When an effort was made to remove contaminating 
Mo02 prior to analysis both the molybdenum and chlorine 
analyses yielded low results (as Runs #11 and #12 show) and 
corresponding Cl/Mo ratios indicative of the presence of 
Moc14. The amount of contaminating Mo02 was of the order 
of $ to 10 per cent of the weight of sample taken. 
This evaluation of these data leads to the conclusion 
that the reaction of Mo02 with CC14 at 250° C. for six to 
eight hours results in incomplete conversion of the dioxide 
to the tetrachloride. It is not possible, on the basis of 
the data presented here, to determine the extent of the com-
pleteness of conversion to the tetrachloride nor to com-
pletely eliminate the possibility of the presence of complex 
molybdenum oxochlorides such as Mo2o3c16. Further, it can-
not be rigorously stated that the method is or is.not reliable 
for the preparation of pure molybdenum tetrachloride. These 
· data give evidence in favor of reliability rather than 
unreliability. 
Method of Analysis of Moc14 
For chloride analysis samples were placed in tared 
weighing pigs in the Glove Bag and then weighed on a 
Mettler H-6 Balance outside the Glove Bag. The weighing 
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pigs are so designed that they may be partially opened under 
water and the sample is then hydrolyzed by the water vapor. 
This prevents the loss of hydrogen chloride that would cause 
low results for chlorine content. The samples are allowed 
to stand for about four hours or overnight. An amber-red 
solution and a colloidal·material of reddish color are 
formed.· Any unreacted Mo02 that was admixed with the sam-
ple settles to the bottom of the beaker. The solution is 
decanted and the Mo02 washed thoroughly with distilled 
water and then washed onto rapid qualitative filter paper. 
This Mo02 was dried, weighed, and a correction made in the 
original sample weight. The decantate-filtrate was acidi-
fied with 1 to 2 ml of concentrated nitric acid, heated to 
boiling and a slight excess of 0.1 molar silver nitrate 
solution added. The precipitate was digested until the AgCl 
coagulated and then allowed to stand overnight before being 
filtered onto tared sintered-glass crucibles. The AgCl was 
dried to constant weight at 110° C. It should be noted that 
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on occasion there was co-precipitation of silver molybdate. 
Such samples were discarded. 
For molybdenum analysis, samples were taken as above, 
treated with 20 ml of 2.5 per cent sulfuric acid and 5 ml 
of 30 per cent hydrogen peroxide, and digested. The solu-
tions are first deep yellow-orange, then p~le green and 
were made slightly pink with KMno4 solution, passed through 
a Jones Reductor and caught under a five-fold excess of 
iron(III) sulfate solution. Phosphoric acid was added to 
complex the iron(III) and the iron(II) was then titrated 
with standard potassium permanganate solution. 
Physical Characteristics 
Molybdenum tetrachloride ·is a black crystalline 
substance that disproportionates before melting. The 
thermochemical data reported in Table IV have been estimated 
by Brewer and co-workers and by Glassner. Moc14 has a spin-
only magnetic moment of 0.934 B.M. at 25° C. X-ray diffrac-
tion data for the compound are reported by Couch and Brenner. 
With the exception of cc14, non-polar organic solvents fail 
to dissolve it. 
Stability 
Molybdenum tetrachloride is unstable toward air, 
light, heat~ and moisture. Even in sealed tubes a bronze 
- ------------------ ---~----~----------~---------------
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coloration appears on the. surface of the crystals. Brewer 
et al. state that the tetrachloride is stable below 127°0. 
but disproportionates to Moc13 and Moc15 when heated above 
that temperature. At temperatures less than 150°0., Moc14 
dissociates into MoCl3 and 012 under high vacuum (lo-5 mm}. 
Chemical Reactions 
With water and acids. MoCl~. crystals fume in moist 
air with the evolution of HCl, deliquescing to a pale 
yellow .then dark amber liquid. In an excess of water the 
compound dissolves, yielding an amber solution and a reddish 
colloidal material. There is a violent reaction on the 
addition of concentrated sulfuric acid to Moc14 • Hydrogen 
chloride is evolved with vigorous hissing and a bluish-green 
solution is formed. 
With nitrogen donors. W. Wardlaw and H. W. Webb in 
. 1930 found that Moc1 5 is reduced by dry pyridine to form a 
Moc14-pyridine adduct. These workers prepared brown 
amorphous Mocl4 ·3 c5H5N; colorless, crystalline Moc14 ·4 c 5H5N; 
and red, orthorhombic crystals of Moc1 4·5 c 5H5N. More 
recently (1964), M. 1. Larson and F. W. Moore found that 
Moc14 reacts directly with pyridine at room temperature to 
form Moc14•2 c5H5N and in a more polar solvent (e.g., N,N-
dimethylformamide) some of the MoCl4·3 c5H5N is obtained. 
-· 
~ 
----------·--- -·- ---~--~------
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E. A. Allen, B. J. Brisdon, and G. W. A. Fowles have 
reported (in 1964) that MoCl5 reacts with excess alkyl 
cyanides to form Moc14 • 2 RCN ~ Six co-o.rdinate complexes 
have been prepared for R =methyl, ethyl, or n-propyl. It 
_was also founct·that Moc14 reacts directly with methyl cyanide 
(acetonitrile) to form MoC14 ·2 CH3CN. Also in 1964, I. R. 
-;-----~~~~~JB-e-a-t-t--i-e-a-:a-Ei-M---.-1AJe13-s-t-e-r-h-a-v-e-r-e-p-e-rtrecl-a-s-~ud-y-e-f-t-h-e-:1:-n-f-r-a-r-e-d---
spectra of the addition compounds of Moc14 with methyl 
cyanide, n-propyl cyanide, and 2,2'-bipyridine. Allen et al. 
have used the MoC14 ·2(n-propyl cyanide) as starting material 
to prepare Moc14 ·21, where 1 is the monodentate ligand 
pyridine, pyrazine, 2,6-dimethyl pyrazine or alpha-picoline. 
The Moc14 ·2 RCN have spin-only magnetic moments of 
the order of 2.5 B.M. The Moc14 ·2 c5H5N has an effective 
moment of 2.52 B.M. If the complexes are perfectly 
octahedral, then a moment of 2.83 B.M. corresponding to the 
4d2 .electrons would be predicted. The theoretical predic-
tion of M. Kotani (1949) that 
For a ctf octahedral complex the moment varies according 
as the ratio of kT to ).. chan,ges ( 1\ is the spin-orbit 
coupling constant). As T decreases and/or~ increases 
(i.e., with the second and third transition elements) 
so the moment decreases and may be as low as 1.22 (or 
as high as 3.16) · 
could explain the low experimental moments or the complex 
may not be a perfect octahedral structure in which case the 
Kotani theory does not apply. 
--
= 
With phosphorus and arsenic donors. Allen et al. 
have prepared MoC14 ·2 1, where 1 = triphenylphosphine and 
triphenylarsine. Beattie and Webster studied the infrared 
spectra of the mono- and di(triphenylphosphine) complexes. 
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With oxygen donors. The six co-ordinate complexes 
( 
of Moc14 •2 L, w~ere 1 = tetrahydrofuran, pentamethylene ) 
oxide, and triphenylphosphine oxide were prepared by Allen 
and co-workers. K. Feenan and G. W. A. Fowles have also 
prepared the pentamethylene oxide adduct (1965) by the reac-
tion of Moc15 with an excess of c5H10o. The adduct is 
reported to be a yellow solid with an effective magnetic 
moment of 2.37 B.M. and a molybdenum oxidation state of 4.1. 
In 1962 Horner and Tyree reported an attempt to form the 
triphenylphosphine oxide and dimethylsulfoxide complexes 
with little success. 
Larson and Moore report that Moc14 reacts with 
acetylacetone (2,4-pentanedione) to yield an air-stable, 
insoluble, nonvolatile, red-purple solid of melting point 
·253-255° C. It analyzed as MoC1 2(c5H7o2 )2 and appears to 
have a co-ordination number greater than six. 
What is believed to be the first example of a neutral 
eight-co-ordinate Mo(IV) complex was prepared by Horner and 
Tyree in 1962. This adduct is MoC14·4 (C6H5)3As0. It is a 
white diamagnetic solid, is unaffected by boiling water for 
~ 
~ 
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TABLE IV 
PHYSICAL AND PH;YSICOCHEMICAL PROPERTIES 
OF MOLYBDENUM 'l'ETRACHLORIDE 
Properties References 
Appearance 
Black crystals 
Formula Weight 
J5 
~----------~2~L~25L_ ________________________________________________ ~ 
Heat of Formation (from the elements) 
6H298 = -79± 5; -80.58; -114 ± 3 kcal/mole (9,14,11) 
Free Energy of Formation 
6F298 =-59; -60 kcal/mole (estd.) 
Entropy of Formation 
68298 = -64 e.u. (calcd.) 
Entropy at 298°K. 
s~98 = 48 e.u. (estd.) 
Heat of Reaction 
For the reaction: dissolution of MoCl4 in the 
solvent-0.5% Fec13 + 2% HCl at 2980 K. 6H = 39.7 ± 0.7 kcal/mole 
Melting Point 
Tm = 5900K. (estd.) 
Heat of Sublimation 
6Hs = 25 kcal/mole (estd.) 
Entropy of Sublimation 
6 S s = 42 e • u • ( e s td . ) 
Boiling Point 
Tb = 595°K. ( estd.) 
Heat of Vaporization 
6Hv = 17 kcal/mole (estd.) 
Entropy of Vaporization 
6Sv = 28 e.u. (estd.). 
(3,2) 
(2,11) 
( 3) 
(11) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
~ ~~~---~~~~------
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fifteen minutes, and has the conductivity of a non-electrolyte. 
If the octaco-ordinate complex be given d4sp3 bonding, then 
the diamagnetism is predictable. 
II. TUNGSTEN TETRACHLORIDE 
This compound was first prepared and studied in the 
r---------.m-i-El-=-1-g-§-Q_Ls-, -S-e-3..-n-g-Ei-e-s-e-r-i-13-e-Ei-a-s-a-g-re-y-i-s-:h.---b-re-w!l-, -c-ry-s-tta-1-l-i-rre,----
.mass. More recently, however, pure wc14 has been obtained 
as thin black needles. 
Preparation 
Reduction of tungsten hexachloride, WC16. A. Riche 
in 1857, H. E. Roscoe in 1873, W. Biltz and C. Fendius in 
1928, and S. A. Shchukarev et al. in 1960, have all reported 
the preparation of tungsten tetrachloride by the hydrogen 
reduction of WC16. There is difficulty in accurately con-
trolling the reduction and in the purification of the 
reduction product. 
In 1961, G. I. Novikov, N. V. Andreeva, and 0. G. 
Polyachenok prepared pure wc14 by the reduction of WC16 with 
red phosphorus according to the reaction: 
WC16 (s) + 2/3 P(s) = WC14(s) + 2/3 Pci3(g). 
The reaction is carried out in vacuo at 250-300°C. After 
further purification, the resultant wc14 contains traces of 
P (0.01-0.15 per cent). Analyses support a Cl/W ratio of 4.01. 
R. E. McCarley and T. M. Brown (1964) obtained pure 
wc14 by the reduction of wc16 with aluminum foil according 
to: 
3 WC16 + 2 Al = 3 WC1 4 + 2 AlCl3. 
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Virtually quantitative yields of wc14 are obtained by 
maintaining a temperature gradient (475°C. at Al end, 225°C. 
at WCl end) along the reaction-tube for a22roximately __ 4=8 ________ _ 
~------------~ 
hours. A coarse, black crystalline deposit is obtained in 
the coolet end of the tube. This deposit had the 
stoichiometry of Cl:W = 3.96:1. 
The method of Knox and Tyree. Michael and Murphy 
(in 1910) reacted wo2 with cc14 in a sealed tube at 250°C. 
for several hours and obtained a crystalline, brown substance 
that was reported to be wc14 • 
A study of the applicability of the method of Knox 
and Tyree to the preparation of pure WC14 was undertaken for 
the same reasons· as previously stated for Moc14 . The first 
researches in this investigation were carried out in 1957. 
At that time it was found that W02 reacted with CC14 (in 
thi.s sealed tube procedure at 250°C. for a period of 6 to 
10 hours) to give a reaction product of well-defined steel 
blue needles beneath a dark yellowish-brovm supernatant 
liquid. The analytical data for these needles is given 
below. 
-----------------~--~~--
WC14 : fo W (theory. 56,46) 
54.03 
53.26 
52.07 
52.81 
Average 53.04 
% Cl {theory. '43.54;) 
-. --=---· 
45.13 
45.05 
44-;~~ ---
-44.71 
: _-":· ---·· 
---------------- --------
-t--~-~T_h___c_e_s__:_e~cr~ystals fumed- in mois~~- air.c:~exo_l:v~e_d---arL_~o_dor_~of __ HCl; 
and turned greenish;..yel~_9t'l-; The Cl/W ratio would i-ndicate_ 
. - . ___ -. 
that the product was probably -a ~ixture--bf \\1Cl4_and vlC16• --
The latter forms large da:J;k_c-rr?~-ais- by ·the reactlo~--~~---wo3 
trlth cc14 at 400°C. using this method. 'l'he -starting material, 
wo2 , \'las prepared by the moist hydrogen- reduction of v!o3 at 
650°G. The reduced oxide resembled the literature descrip-
tion of wo2 but it was not analyzed. It is possible, then, 
that there was a small quantity of higher tungsten oxide in 
the starting material. 
The results reported in 'rable V are those of the-
present study. The tungsten d_ioA'"ide used- \'las--obtained from-_ 
the Wah Chang Corporation and had a tungsten content of 
85.15 per cent, Lot No. BR-1696. (Theory for wo 2 : 85.18 
per cent W.) The cc14 was 'Baker Analyzed' Reagent, 
J. T. Baker Chemical Company. Both starting materials v1ere 
used as received with no further drying. 
The calculated quanti ties of v!b 2 and CC14 were reacted 
at 250°C. for 6-8 hours. 'fhere were two distinc__t-- rea-ction-
~--­
~ 
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TABLE V 
ANALYSES OF W02-CC14 REACTION PRODUCT 
Temperature Reaction 
Run # oc. Time--Hours %W % Cl Cl/W 
Yellow-brown crystals 
1 250 8 62.23 22.47 1.87 
3 250 8 56.46 36.85 3.45 
~ 
Selected 250 8 58.10 30.35 3.70 ~ = ~--~~---
E 
~ 
Orange feather crystals 
11 . 250 8 53.97 28.03 2.69 
13 230 6 51.22 30.15 3.05 
14 200 7 No reaction. 
~ 
IE""' 
I!! 
~
II!! 
= 
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products. One, obtained six times, consisted of well-defined _ 
yellowish-brown crystals with a steel-blue lustre. In these 
runs the supernatant liquid was a very deep yellow-brown. 
There was always some unreacted tungsten dioxide present. 
The other reaction product, obtained eight times, was a 
brilliant orange and in the form of feather crystals. The 
superna an~riquia was a clear right orange and~here was 
always unreacted wo2 . Analytical data for selected runs 
are given in Table v .. 
It would appear as if the proper interpretation of 
these data is that the reaction product is a mixture of 
tungsten dioxodichloride, wo2c12 , and tungsten oxotetra-
chloride, WOC1 4 . The former is lemon-yellow, the latter is 
scarlet-red. For comparison. of analyses, the following 
theoretical data is listed. 
Com12ound ~w % Cl · Cl/W 
WOC14 52.29 40.31 4.00 
WC14 56.46 43.54 . 4.00 
wo2c12 · 64.12 24.73 2.00 
A. V. Komandin and D. N. Tarasenkov reported, in 1940, that 
the tungsten(VI) oxochlorides are always formed together. 
With a consideration of all of'the above listed data, it can 
be concluded that Run #1 yielded primarily wo2c12 ; that the 
other yellow-brown crystalline reaction products were a 
mixture of wo2c12 and WOC14 , with a trace of wc14 or wc16 to 
R----
---
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·account for the steel-blue lustre; and that the orange 
feather crystals were primarily woc14. This last conclusion 
is based upon the color, the tungsten analyses, and the fact 
that WOC1 4 is very sensitive to moisture, as were these 
feather crystals. The low chlorine results are probably 
due to surface reaction prior to sampling. This is the 
simp 1 est explanation of t_h_e_s_e_data._,_hut,_no_t_the_only-one-.~----
In final summary: the method of Knox and Tyree does 
not appear to be applicable to the preparation of pure 
tungsten tetrachloride from tungsten dioxide and carbon 
tetrachloride. 
Method of Analysis of WC14 
Samples were dried in the Glove Bag, placed in tared 
weighing pigs, and then weighed outside the Glove Bag. The 
weighing pigs were partially qpened under water and the 
chloro-tungsten sample hydrolyzed to hydrochloric acid and 
hydrated tungsten trioxide, wo3 ·x H20. These hydrolyzed 
samples were acidified with nitric acid, digested to effect 
precipitation of the hydrated tungsten trioxide, and filtered 
through constant weighted Gooch crucibles with asbestos 
filtering mats. After thorough washing of the W03 precipi-
tate, it was ignited to constant Weight at 800° C. and 
weighed as anhydrous wo3. 
~- --
~------
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To the heated filtrate was added a slight excess of 
0.1 molar silver nitrate, resulting in a precipitate of AgCl 
and sometimes small amounts of silver tungstate. After 
digestion, the precipitate was dissolved in aqueous ammonia 
and re-precipitated with silver nitrate. In this procedure 
the silver tungstate does not re-precipitate. The AgCl was 
and oven dried to constant weight at 105-ll0°C. 
Physical Characteristics 
Tungsten tetrachloride is a black crystalline material 
that occurs as thin needles. It is diamagnetic. The most 
probable explanation of this diamagnetism for a d2 electron 
configuration lies in its isomorphism with the corresponding 
halides of Nb(IV) and Ta(IV). L. F. Dahl and D. L. Wampler 
in 1959 reported· a metal-to-metal bond in Nbi 4 • In 1964, 
J. C. Sheldon published a paper dealing with the prediction 
of metal-to-metal bonding in transition metal binary com-
pounds. He concluded that the binary halides (excepting 
fluorides) of the lower oxidation states of molybdenum and 
tungsten should exhibit metal-to-metal bonding. On this 
basis, it would seem logical to assume metal-to-metal bond-
ing for wc14 • X-ray diffraction data are reported by 
R. ·E.· McCarley and T. M. Brown. Further data are given in 
Table VI. 
;;-c::-
~ 
~ 
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TABLE VI 
PHYSICAL AND PHYSICOCHEMICAL PROPERTIES 
OF TUNGSTEN TETRACHLORIDE 
Properties 
Appearance 
Thin black needles 
Density 
at 298°K. = 4.624 g/ml 
Heat of Formation {from the elements) 
b.. H298 = -71; -68.78; -121 kcal/mole . 
Free Energy of Formation 
b..F 298 = -79; -50 kcal/mole ( estd.) 
Entropy of Formation 
b..S298 = -65 e. u. ( calcd.) 
Entropy at 298°K. 0 . d-
s298 = 49; 49.40o 
Molar Volume 
70.5 cc/mole 
e.u. (estd.) 
Magnetic Susceptibility 
-58 x lo-6 e.m.u./mole at 303°K. 
X-ray Data 
Orthorhombic unit cell 
a = 8.07; b = 8.89; c = 6.85 R 
' Melting Point 
Tm = 600°K.; 750°K. (estd.') 
Heat of Fusion 
b..Hm = 6 kcal/mole ( estd.) 
References 
(l) 
( 9 '14 ,·ll) 
(3,2) 
(2,11) 
( 3 '4) 
(l) 
( 5) 
(5) 
( 2, 4) 
(2) 
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TABLE VI (continued) 
Properties 
Entropy of Fusion 
6Sm = 10 ~.u. (estd.) 
Heat of Sublimation 
6Hs = 39 ± 2 kcal/mole 
Entropy of Sublimation 
6Ss = 50 ± 2 e.u. 
Boiling Point 
Tb = 605°K. (estd.) 
Heat of Vaporization 
· 6Hv =' 17 kcal/mole (estd.) 
Entropy of Vaporization 
6Sv = 2S e.u. (estd.) 
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References 
(2) 
(ll) 
(ll) 
(2) 
(2) 
(2) 
Stability 
The theoretical predictions of Brewer et al. state 
that even though wc14 is thermally stable at room tempera-
ture, on heating to about 225°C. at 1 atmosphere pressure 
45 
it should disproportionate to solid WC1 2 and solid WC1 5. At 
lower pressures (e.g., lo-3 atm.) the disproportion is to 
135-l40°C. Shchukarev,' Novikov, and Andreeva report that 
the latter reaction occurs at 300-430°0. · 
Chemical Reactions 
With water. Tungsten tetrachloride crystals fume in 
\ 
moist air and become coated with a whitish-yellow material. 
In an excess of water, the crystals react with vigorous 
hissing, evolving hydrogen chloride and hydrated tungsten 
trioxide. 
With nitrogen donors. In 1963, C. D. Kennedy and 
R. D. Peacock reported that potassium hexachlorotungstate(IV) 
reacted with pyridine at reflux to yield orange crystals of 
_wc14 ·2 c5H5N. This complex is reported to be antiferro-
magnetic, with an effective magnetic moment ranging from. 
1.29 B.M. at 91°K. to 2.06 B.M; at 291°K. 
McCarley and Brown (1964) prepared the tetrachlorodi-
(pyridine) tungsten(IV) complex by stirring wc14 w~th pyridine 
at room temperature for several days. The isolated complex 
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was a light tan powdery solid. The complex was also prepared 
by the reaction of WC16 with pyridine at room temperature 
for about one week. In addition to the stable pyridine adduct 
these authors reported (in U.S.A.E.C. IS-741) stable complexes 
with 2,2'-bipyridine, 4-picoline, and 4-ethylpyridine. 
The reaction of WC16 or WC1 5 with alkyl cyanides 
ethyl, or n-propyl. These brown complexes were reported in 
1964 by Allen and co-workers. The complexes have magnetic 
moments of 1.78-2.07 B.M. and are six-co-ordinate co-valent. 
As early as 1906, 0. C. ~· Davis found that WC16 
reacts with tetranitrogen tetrasulfide, N4s4 , to yield 
WC14 ·N4s4 •.. It was reported to be sensitive to moist air but 
stable if kept beneath dry chloroform. D. Neubauer, J. Weiss, 
and M.,Becke-Goehring confirmed this stable adduct in 1959, 
then reported (in 1960) that the N4s4 was probably bidentate. 
Very recently (1965) A. G. Turner has suggested through 
molecular orbital calculations that the structure of N4s4 
consi·sts of an eight-membered ring of alternating N and S 
atoms with the nitrogen atoms being co-planar and electron 
rich, whereas .the sulfur atoms are electron deficient. 
With other donors. By the use of WC14•2{n-propyl-
cyanide) as starting material, Allen ~ al. have prepared 
Wc14 ·21, where L = triphenylphosphine, triphenylarsine, and 
triphenylphosphine oxide. 
--------- --- ---- ------- ------·- --- -------------
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CHAPTER V 
TETRABROMIDES 
I. MOLYBDENUM TETRABROMIDE 
As early as 1861, C. W. Blomstrand reported a small 
yield of MoBr4 by the action of bromine on heated molybdenum 
metal. Only recently has the synthesis of pure molybdenum 
tetrabromide been reported and the existence of the compound 
confirmed. 
Preparation 
Reaction of MoBr3 with Br2• In 1936, W. Klemm and 
H. Steinberg reacted MoBr3 with an excess of bromine in a 
sealed.tube at 400°C. The reported analytical results would 
indicate that the. reaction product was not pure MoBr4• 
P. J. H. Carnell and R. E. McCarley (1962) prepared 
pure MoBr4 by the reaction of MoBr3 and liquid bromine at 
55°C. The MoBr4 dissolves in the bromine and thus is sepa-
rated from any unreacted starting material. 
MoBr3 (s) + 1/2 Br2 (1) = MoBr4(solution) 
The work of these authors gave no evidence.of the formation 
of solid MoBr4 by the action of bromine vapor on solid MoBr3 
below 400°C. and 2 atmospheres pressure. McCarley and 
W. Tadlock more recently (1963) reported that the reaction 
;;--=-
~ 
= 
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MoBr3 {s) + 1/2 Br2 (g) = MoBr4{g) 
is not significant at temperatures much lower than 400°C. 
The method of Knox and Tyree. In an effort to extend 
this method to the preparation of MoBr4 and WBr4 by the 
action of brominating agents on the respective dioxides, an 
experiment was run with Moo2 and CHBr3. The bromoform was 
obtained from Eastman Organic Chemicals, Practical grade. 
The reaction was run for four hours at 250°C. There was no 
evidence of reaction of the Mo02 nor of the presence of free 
bromine. The supernatant liquid was an opaque black, prob-
ably containing carbonaceous pyrolysis products of CHBr3 • 
Other syntheses.. S. A. Shchukarev, I. V. Vasil'kova, 
and N. D. Zaitseva prepared MoBr4 (1961) by the action of 
bromine on molybdenum hexacarbonyl at room temperature. 
Physical Characteristics 
Molybdenum tetrabromide occurs as glistening black 
needles which decompose without melting. Its molal solu-
bility in liquid bromine is 7.2 x lo-3 m. at 51°C. Its 
specific conductivity in this solvent indicates that it is 
covalent. The x-ray diffraction data are reported by 
Carnell and McCarley. Further data are listed in Table VII. 
Stability 
Brewer et al. state that MoBr4 (s) is stable, in a 
system at 1 atmosphere, up to 323°C., at which temperature 
TABLE VII 
PHYSICAL AND PHYSICOCHEMICAL PROPERTIES 
OF MOLYBDENUM TETRABROMIDE 
Appearance 
Black crystals 
Formula Weight 
415.58 
Heat of Formation (from the e1ements) 
~H298 = -45; -45.38; -74.5 + 0.6 kcal/mole (9,14,12) 
Melting Point 
Tm = 610°K. ( estd.) 
Heat of Sublimation 
~Hs = 26 kcal/mole (estd.) 
Entropy of Sublimation 
~Ss = 41 e.u. (estd.) 
Boiling Point 
Tb = 620oK. ( estd. ) 
Heat of Vaporization 
~Hv = 18 kcal/mole (estd.) 
Entropy of Vaporization 
~ Sv. =. 29 . e ·.U··. . ( estd ~) 
. ( 2) 
(2) 
(2) 
(2) 
(2) 
(2) 
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it decomposes to MoBr3 (s) and to approximately 0.5 atmosphere 
Br2 and 0.5 atmosphere MoBr4(g). Carnell and McCarley found 
that when slowly heated in vacuo, MoBr4(s) completely decom-
poses at ll0-130°C. with the formation of MoBr3 and Br2• 
Chemical Reactions 
;-c----------'W-i-th-wate!"-.-The_c_ompo_und_deli_qu_e_s_c_e_s_i_n_m_Qis._.,t'----"'a""i.._...r ___ _ 
to a black liquid, giving with more water a yellowish-brown 
solution. 
With diarsine. H. 1. Nigam, R. S. Nyholm, and 
M. H. B. Stiddard, while studying the action of halogens on 
di(tertiary arsine) molybdenum carbonyls in 1960, produced 
Mo(diarsine)Br4. This compound was obtained as orange-
brown crystals. It was prepared by the action of diarsine, 
C6H4(As(CH3 ) 2)2 , on molybdenum hexacarbonyl at 150°C. to 
yield Mo(diars)(C0) 4, which, on reaction with excess bromine 
yields Mo(diars)Br4. It has an effective magnetic moment of 
1.96 B.M. 
II. TUNGSTEN TETRABROMIDE 
Until the paper of R. E. McCarley and T. M. Brown in 
1962 there was no reported preparation of WBr4. 
Preparation 
Reduction of tungsten pentabrom~de. McCarley and 
Brown (1962) reported the preparation of pure WBr4 by the 
~ --
~ 
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reduction of WBr5 with tungsten metal. After ten days 
reaction time (a temperature gradient of 630°C. at the W end 
and 340°C. at the WBr5 end) the reaction tube was cooled and 
a black crystalline deposit was observed near the center of 
the tube. This deposit analyzed to have a Cl/W ratio of 3.99. 
These same authors, in early 1964, having found that 
J--------tl'le-FeGl-ue-t-i-eR-~·:4.-t-li-t-'tln-g-s-t-en-me-t-a-3..-·was-srow-a:rrd-produ-c-e-d-J.:-ow 
yields, substituted aluminum foil for the metallic tungsten, 
3 WBr5 + Al = 3 WBr4 + AlBr3 • 
The temperature gradient for this reaction was 240°C. at the 
WBr5 end and 475°C. at the aluminum end. Yields are 60-80 
per cent. The crystalline black product analyzed as 
Cl/W = 3 .99. 
The method of Knox and Tyree. Tungsten dioxide and 
bromoform were reacted in the sealed reaction tube for 4-6 
hours at 300°C. After reaction there were present steel-
blue to black crystals, unreacted wo2 , and a deep red-brown 
supernatant liquid. There appeared to be two types of 
crystals present: one was moisture-sensitive .whereas the 
other appeared to be insoluble in cold water. The analyt-
ical results for tungsten (% W = 34.62, 32.40) would indicate 
that the product is primarily W0Br4 . Theoretical values are 
listed for comparison. The hydrolyzed reaction products 
gave yellow silver bromide precipitates upon the addition 
~-=----
-: ______ _ 
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of AgN03 , but the final analytical results were not 
consistent •. 
Com12ound ~w ~ Br Br/W 
WOBr4 35.40 61.51 4.00 
WBr4 36.53 63.47 4.00 
W02Br2 48.96 42.54 2.00 
Method of Analysis of WBr4 
52 
These reaction products were vacuum dried and samples 
taken for analysis. These samples were an admixture of 
black needles and unreacted oxide. On addition to water 
hissing occurred and a blue coloration appeared in the 
vicinity of the crystals. This solution was neutralized 
with aqueous ammonia and heated to complete dissolution of 
the bromide crystals. The solution was filtered and the 
tungsten dioxide dried, weighed, and a correction made in 
the initial sample weight. The filtrate was then analyzed 
for W and Br as described previously in the analysis of wc14• 
Physical Characteristics 
WBr4 consists of glistening black needles and is 
quite thermally stable. It is diamagnetic. The x-ray 
diffraction pattern ~s reported by McCarley and Brown. 
Other data are given in Table VIII. 
TABLE VIII 
PHYSICAL AND PHYSICOCHEMICAL PROPERTIES 
OF TUNGSTEN TETRABROTVIIDE 
Properties References 
Appearance 
53 
+--------Thin-black-needles~·.__ ________________ ~ 
Formula Weight 
503.49 
Heat of Formation (from the elements) 
6H298 = -35; -34.05 kcal/mole 
Melting Point 
Tm = 600°K. (estd.) 
Heat of Fusion 
6Hm = 6 kcal/mole (estd. ) 
Entropy of Fusion 
6 Sm = 10 e • u. ( e std. ) 
Boiling Point 
Tb = 600°K. ( estd. ). 
Heat of Vaporization 
6Hv = 18 kcal/mole (estd.) 
Entropy of Vaporization 
6Sv = 30 e.u. (estd.) 
Magnetic Susceptibility 
-75 x lo-6 e.m.u./mole at 297°K. 
X-ray Data 
Orthorhombic unit cell 
a = 8.49; b = 9.29; c = 7.25 i 
(9,14) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
(5) 
( 5) 
~-
= 
Stability 
It is the conclusion of Brewer and co-workers that 
"WBr4(solid) is of such stability that it does not dispro-
portionate to WBr2(solid) and WBr5 (solid~" 
Chemical Reactions 
sensitive and water soluble with reaction. 
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With nitrogen donors. Kennedy and Peacock (1963) 
found that refluxing pyridine with K2WBr6 gave yellow-green 
crystals of WBr4·2 c5H5N. This adduct has a magnetic 
moment ranging from 1.46 B.M. at 87°K. to 2.03 BeM. at 
288°K. McCarley and Brown prepared green WBr4·2 c5H5N both 
by the direct reaction of WBr4 with pyridine and by the 
reduction of WBr5 with pyridine. 
The brown complexes WBr4·2 RCN, where R = methyl, 
ethyl, and n-propyl, were prepared by Allen et al. in 1964. 
CHAPTER. VI 
TETRA IODIDES 
I. MOLYBDENUM ~ETRAIODIDE 
J. J. Berzelius in the early 1800's observed that the 
dissolution of molybdenum tetrahydroxide {probably hydrated 
~------------------------------------------------------------------------------
molybdenum dioxide) in hydriodic acid resulted in a red 
solution, which on evaporation yielded red or brown crystals. 
These crystals were water soluble, and thermally decomposed 
to hydrogen iodide and molybdenum dioxide. These crystals 
were presumed to be molybdenum tetraiodide. 
M. Guichard in 1901 prepared Moi4 by the action of 
anhydrous hydrogen iodide on molybdenum pentachloride. 
Preparation 
Guichard reacted anhydrous hydrogen iodide with 
molybdenum pentachloride and obtained an impure product of 
molybdenum tetraiodide. The impurity, chloride, could not 
be completely removed. This impure Moi4 was a black, 
crystalline material. 
Marcel Chaigneau attempted, in 1957, to prepare Moi4 
by the reaction of aluminum(III) iodide on molybdenum tri-
oxide and on molybdenum dioxide. The product was molybdenum 
diiodide in both instances. 
~~ -
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Physical Properties 
Moi4 is a black, crystalline solid. Very few 
experimental data are available on this compound. Those 
that· are, along with estimated values, are listed in 
Table IX. 
Chemical Characteristics 
The compound is very slightly soluble in water, and 
undergoes slow change on exposure to air. It is stable at 
room temperature but decomposes according to: 
Moi4(s) = Moi 2(s) + I 2 (s) 
as the temperature approaches 10ooc. 
II. TUNGSTEN TETRAIODIDE 
56 
The most extensive investigation into the preparation 
and properties of wr4 is tha~ in 1901 of E. Defacqz. Marcel 
Chaigneau in 1957 also reported a·preparation of tungsten 
tetraiodide. 
Preparation 
Defacqz reacted tungsten hexachloride with an excess 
of liquid anhydrous hydrogen iodide. These materials were 
placed in a sealed tube and allowed to react for two hours, 
the temperature being held at 100-ll0°C. A black, crystal-
line substance was formed. Analysis confirmed the 
stoichiometry of WI4. 
----------------------
TABLE IX 
PHYSICAL AND PHYSICOCHEMICAL PROPERTIES 
OF MOLYBDENUM TETRAIODIDE 
Properties References 
Appearance· 
Black crystals 
Formula Weight 
603.56 
Heat of Formation (from the elements) 
1::::. H298 = -18; -14.77 kcal/mole 
Melting Point 
Tm = 690°K. (estd.) 
Boiling Point 
Tb = 695°K. (estd.) 
Heat of Vaporization 
1::::. Hv = 20 kcal/mole ( estd.) 
Entropy of Vaporization 
. I::::.Sv = 29 e.u. (estd.) 
(9,14) 
(2) 
(2} 
(2) 
(2) 
57 
9_: ___ c_ 
·--------···~---~-····--
By heating aluminum(III) iodide with tungsten trioxide 
at reduced pressure, Chaigneau prepared wr4. The reaction 
was maintained at 230°C. for 48 hours: The wr4 was formed 
as black crystals with dark-green reflections. 
Physical Properties 
The specific gravity of black, crystalline wr4 was :______ ____ _ 
measured by Defacqz as 5.2 at 18°C. He also observed that 
the compound neither melts nor sublimes without decomposi-
tion. Brewer et al. report the decomposition to occur at 
410°K. as: 
The compound is soluble in absolute alcohol but 
.insoluble in ether, chloroform) and benzene. Other data, 
both experimental and estimated, are given in Table X. 
Chemical Characteristics 
wr4 is slowly attacked by cold water and very rapidly 
decomposed by boiling water.. It slowly changes on exposure 
to the air and is readily attacked by dilute hydrochloric 
and mineral acids, being converted to wo3• 
F. Konrad has utilized wr4 as a catalyst in the 
dehydrochlorination of polychloroethanes to produce vinyl 
and vinylidene chlorides. 
~--- =-
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TABLE X 
PHYSICAL AND PHYSICOCHEMICAL PROPERTIES 
OF TUNGSTEN TETRAIODIDE 
Properties References 
Appearance 
Black crystals with dark green reflection 
Formula Weight 
691.47 
Heat of Formation (from the elements) 
.6H298 = 0. ; -5.11 kcal/mole 
Melting Point 
Tm = 900°K. (estd.) 
Heat of Fusion 
.6Hm = 9 kcal/mole (estd.) 
Entropy of Fusion 
· .6Sm = 10 e. u. ( estd.) 
Boiling Point 
Tb = 690°K. {estd.) 
Heat of Vaporization 
.6Hv = 20 kcal/mple (estd.) 
Entropy of Vaporization 
.6Sv = 29 e.u. (estd.) 
(9,14) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
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CHAPTER VII 
OXOCHLORIDES OF TUNGSTEN (VI) 
I. TUNGSTEN DIOXODICHLORIDE 
This section on wo2c12 is included in view of the 
analytical results set forth in Table V. 
F. Wohler prepared·wo2c12 and WOC14 as early as 1825. 
Numerous synthetic methods have been reported since that 
time. 
Preparation 
No effort is made here to present an exhaustive 
review of the syntheses of wo2c12• Rather, an overview with 
specific illustrations is presented. 
Chlorination of wo3 • C. Friedheim and co-workers 
{1905) and G. Jander and D. Mojert (1928) prepared wo2c12 by 
the action of gaseous hydrogen chloride on red-hot wo3. 
E. Chauvenet (1911) utilized carbonyl chloride, COC12 , at 
350oc., and c. Matignon 'and F. Bourion prepared the compound 
by the reaction of a mixture of chlorine and disulfur 
dichloride with wo3. 
S. A. Shchukarev, G. I. Novikov et al. (1958) 
prepared wo2c12 in a sealed glass ampoule at 310-330°C. at 
3-4 atmospheres pressure according to: 
~-~-=--
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More recently (1963), F. Zado passed cc14 vapor over heated 
wo3 in an oxygen atmosphere to form the dioxodichloride. 
Chlorination of W02. 0. Ruff, F. Eisner, and 
W. Heller (1907) as well as F. Wohler heated wo2 in dry 
chlorine to obtain wo2c12. It would appear that the method 
of Knox and Tyree (see Table V, page 39) may provide a 
preparative method by the reaction of wo2 with cc14• 
A. V. Komandin and D. N. Tarasenkov (1940) studied 
and compared the various reported methods for synthesizing 
wo2c12 and concluded that the maximum yield of most pure 
compound is obtained by the chlorination of wo2 at 500-550°C. 
with a chlorine-nitrogen mixture of 2:3. 
Physical Properties 
Tungsten dioxodichloride consists of lemon-yellow 
) 
crystals. There are reports in the literature of melting 
points ranging from 259°C. to 280°C., although Roscoe states 
that the compound volatilizes before melting. When strongly 
heated, 250-500°C., it disproportionates according to: 
Chemical Properties 
It is said that the compound is only slowly decomposed 
by moist air and slowly hydrolyzed by water. 
'-----
:-- -
TABLE XI 
PHYSICAL AND PHYSICOCHEMICAL PROPERTIES 
OF TUNGSTEN DIOXODICHLORIDE 
Properties References 
Appearance 
Lemon-yellow crystals 
Formula Weight 
286.76 
Heat of Formation (from the elements) 
.6.H298 = -199.7 kcal/mole 
Entropy of Formation 
.6.S298 = -96 e.u. 
Melting Point 
Tm = 533°K. ( estd. ) 
Heat of Sublimation 
.6-Hs = 21 ± 2 kcal/mole 
Entropy of Sublimation 
· .6.S 5 = 29 ± 2 e.u. 
Entropy at 298°K. 
s~98 = 44.6 :!: 1.0 e.u. (estd.) 
Heat of Reaction 
For the reaction: Dissolution of wo2c12 in 0.718 N NaOH 
.6.H298 = 6?.3 ± 0.2 kcal/mole 
(ll) 
. ( ll) 
( 4) 
(11) 
(ll) 
( 4) 
(11) 
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II. TUNGSTEN OXOTETRACHLORIDE 
Preparation 
Chlorination of wo3 .. WOC1 4 has been prepared by the 
reaction of numerous chlorinating agents on tungsten trioxide. 
E. F. Smith and H. Fleck (1899) and H. Funk ~ al. (1957) 
wo3 with a solution of chlorine in cc14 at 200°C. for 3 
hours. Shchukarev and co-workers (1958) reported that at 
Jl0-3J0°C. in sealed glass ampoules at 3-4 atmospheres 
pressure the following reaction occurs: 
WOJ + 2 CC14 = WOC14 + 2 COC12• 
The use of SOC12 in a sealed reaction bomb at 200°C. for 
6-12 hours according to: 
wo3 + 2 SOC12 = WOC14 + 2 S02 
was studied by H. Hecht, G. Jander, and H. Schlapmann (1947). 
Chlorination of §. W-W02 mixture. In studying the 
synthesis of WOClh., W. Reinders and J. A. M. van Liempt 
(1931) concluded that the best method for its preparation 
is to lead excess chlorine over an equimolar mixture of 
tungsten and tungsten dioxide at 700-800°C. An 87-88 per 
cent yield of WOC14 was obtained by A. V. Komandin ~nd 
D. N. Tarasenkov (1940) utilizing this method and a 
temperature of J00•500°C. 
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The method of Knox and Tyree. It had been previously 
reported (Knox et al. 1957; Epperson~ al. 1963) that wo3 
reacts with cc14 at 400°C. in this procedure to yield WC16. 
P. Camboulives (19lOJ stated that the action of cc14 vapor 
on wo3 at 560°C. produces the oxotetrachloride. Michael and 
Murphy (1910) reported that cc14 converts the wo3 to wc16 
-ll------a"t_28D°C_. ____________________________ _ 
In view of these exp·erimental results and those 
already presented in Table V (page 39), it was decided to 
determine whether or not the method of Knox and Tyree would 
produce WOC14 at a temperature lower than that (i.e., 400°C.) 
needed to produce wc16 • 
The wo3 used ~as Tungstic Anhydride, Purified, 
obtained from the Fisher Scientific Company. The cc14 was 
'Baker Analyzed' Reagent, J. T. Baker Chemical Company. The 
experimenta~ runs were made at 250° or 300°C. for a reaction 
time of 6 hours using the amount of wo3 c·alculated according 
to the equation: 
wo3 + 2 CC14 = WOC1 4 + 2 COC12• 
There resulted a mass of scarlet needles (up to 1-1/2 inches 
in length), a clear orange supernatant liquid, and unreacted 
wo3 permeated with the scarlet needles. The only difference 
in the reaction products of the 250°C. and the 
was that there was a more complete reaction at 
therefore less unreacted wo3. 
300°C. 
300°0. 
runs 
and 
~--­
~ 
;::_:_:__:__:-_-_-
= 
= 
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Analytical results from the several reaction runs 
are given below. 
WOC14 : % W (theory: 52.29) 
52.64 
52.98 
% Cl (theory: 40.31) 
40.78 
40.57 
Cl/W 
4.02 
3.97 
It can be concluded that the method of Knox and Tyree 
Method of Analysis of woc14 
The crystals were thoroughly washed with cc14 in the 
Glove Bag, vacuum dried, and then sampled. Analyses were 
carried out as for wc14 (Chapter IV) with the following 
exception. The WOC14 crystal shape was retained after 
hydrolysis. To insure complete hydrolysis, these partially 
hydrolyzed crystals were triturated with water in an agate 
mortar before the analyses were continued. 
Physical Properties 
Tungsten oxotetrachloride is a scarlet-red crystalline 
material that occurs as prismatic needles. It melts at 
209°C. and boils at 232°C. The compound is soluble in cs2 
and s 2c12 , but only sparingly soluble in benzene. Shchukarev 
and co-workers (1958) report the dissociation of WOC14 at 
200-500°0. as: 
Oi---
~ 
~ 
TABLE XII 
PHYSICAL AND PHYSICOCHEMICAL PROPERTIES 
OF TUNGSTEN OXOTETRACHLORIDE 
Properties 
Appearance 
Scarlet-red needles 
References 
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341.66 
Heat of Formation (from the elements) 
~H298 = -177.5 kcal/mole 
Entropy of Formation 
68298 = -130 e.u. 
Heat of Fusion 
6Hm = 1440 cal/mole 
Heat of Sublimation 
6Hs = 18.3 ± 0.5; 18.3; 21.7 kcal/mole 
Entropy of Sublimation 
6 S s = 3 6 • 3 '± 0 • 5 ; 3 8 • 0 ± 1 ; 44 • 2 e • u • 
Boiling Point 
Tb =.497 ± 2°K.; 505°K. 
Heat of Vaporization 
6Hv = 16.5 ± 0.5; 16.8 kcal/mole 
Entropy of Vaporization 
6Sv = 32.8 ± 0.5 e.u. 
Entropy at 298°K. 
s~98 = 49 e.u. (estd.) 
(11) 
(11) 
(8,12) 
(8) 
(11,8,12) 
(11,8,12) 
(10,8} 
(11,8) 
(11) . 
(4) 
~-,~ 
~- -----
= § :__::-:__-
TABLE XII (continued) 
Properties 
Heat of Reaction 
For the reaction: Dissolution of 
WOCl4 in 0.718 N NaOH ~H298 = 131.5 ± 0.3 kcal/mole 
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2 WOC14(s) = W02Cl2 (vapor) + WC16(g). 
Table XII contains other known data. 
Chemical Properties 
The compound fumes when exposed to m.oist air and 
reacts vigorously with water to yield HCl and hydrated 
tungsten trioxide. 
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CHAPTER VIII 
SUMMARY 
A general method for the synthesis ·of anhydrous metal 
chlorides has been studied with reference to the tetrachlor-
ides of molybdenum and tungsten and the oxochlorides of 
r--~~~~~tun-g-s-t-en-(-V-1-}-. -I-t~i-s-t-fie-KI"le~-a:aa-'I'-y-~ee-mGGl-i-f-i-Ga-ti-on-o-f-the~---
method of Michael and Murphy in which the metal oxide and 
carbon tetrachloride are heated to varying temperatures in 
a sealed glass tube. The glass tube is contained in a metal 
bomb with carbon tetrachloride in it to equalize the pressure. 
The results of this study are inconclusive as to the 
reliability of the method in the preparation of pure molyb-
denum tetrachloride from molybdenum dioxide and carbon 
tetrachloride at a reaction temperature of 250° c. The 
conversion to the tetrachloride is incomplete. The crystal-
line reaction product can be largely separated from the 
unreacted molybdenum dioxide since the latter normally 
occurs as a firm lump that does not break up during the 
carbon tetrachloride washing procedure. The reaction prod-
uct consists of well-formed crystalline platelets of a deep 
red-black color. 
Reaction of tungsten dioxide with carbon tetrachloride 
at 230-250° C. produces a mixture which was not separated 
into pure compounds. However, the analytical data can be 
.,-
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The reaction 
product is of two types, either yellow-brown crystals or 
orange feather crystals. ·The yellow-brown crystals analyze 
from Cl/W = 1.9 for one run to 3.5 for another. The orange 
feather crystals have a very large surface area and are 
therefore subject to extensive surface hydrolysis. As a 
result the chlorine analyses are low (29.09 per ce=n~t~; ____________ __ 
theory, 40.31 per cent), but the tungsten analyses (52.65 
per cent; theory, 52.29 per cent) indicate that the product 
is VJOC14. 
Pure tungsten(VI) oxotetrachloride, WOC1 4 , is 
produced by the action of carbon tetrachloride on tungsten 
trioxide at 250-300° C .. The yield of scarlet prismatic 
needles is virtually quantitative. Analyses give a Cl/W 
ratio of 3.99. 
In an effort to extend this synthetic method to the 
preparation of the tetrabromides of molybdenum and tungsten, 
the respect-ive dioxides were reacted with bromoform at 
250-300° C. There was no reaction between molybdenum dioxide 
and bromoform. The tungsten dioxide reacted to form a small 
quantity of steel-blue to black needles which gave the 
proximate analysis for tungsten(VI) oxotetrabromide, W0Br4• 
This method for the synthesis of anhydrous metal 
chlorides has several distinct advantages over other stand-
ard procedures. Most metal oxides are either commercially 
~ 
~ 
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·available or easily prepared in pure form. The metal oxide 
and carbon tetrachloride need not be excessively dry since 
small amounts of water are converted to phosgene and hydrogen 
chloride. Manipulation of the starting materials is easy 
and when a dry-box is available the subsequent operations 
are no more difficult. In most instances, the conversion 
to the chloride is complete and the only losses a=r~e~------------­
manipulative ones. 
In final summary: this method, which has previously 
been applied to the preparation of the chlorides of W(VI), 
Mo(V), Re(V), Nb(V), Ta(V), Zr(IV), Tc(IV), Al(III), and 
Fe(III) has now been found applicable to the synthesis of 
pure WOC14 . Extensive studies have yielded analytical data 
that are inconclusive as to the reliability of the method 
in the preparation of pure MoCl4. This investigation also 
indicates that wo2c1 2 and WOBr4 may be prepared by this 
synthetic technique. 
ci~---=-
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